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Introduction {#sec001}
============

Alzheimer's disease (AD) is an irreversible, progressive brain disorder that is characterized by dementia. The brains of AD patients have pathological hallmarks, including amyloid plaques and neurofibrillary tangles, insoluble deposits made of proteins called Aβ and hyperphosphorylated tau, respectively. Beta-site amyloid precursor protein (APP) cleaving enzyme 1 (BACE1), a β-secretase, cleaves APP during an initial step in Aβ generation \[[@pone.0136950.ref001]\]. Subsequent cleavage by a γ-secretase complex including Presenilin produces Aβ. The importance of Aβ in AD pathogenesis is clear in rare familial AD cases, where mutations in the *APP* or presenilin genes produce more Aβ. However, the mechanisms underlying sporadic AD, which occurs in the majority of AD cases, are not well understood.

Accumulating evidence indicates that aberrant activation of BACE1 may play a role in the pathogenesis of sporadic AD. During aging, the most important known risk factor for AD, the enzymatic activity of BACE1 increases, although BACE1 protein levels remain unchanged \[[@pone.0136950.ref002], [@pone.0136950.ref003]\]. In the brains of sporadic AD patients, increased BACE1 activity has been consistently reported in every published study, and elevated BACE1 protein levels have also been detected in most studies \[[@pone.0136950.ref004]--[@pone.0136950.ref007]\]. However, some studies have also reported unchanged or decreased BACE1 levels in the AD brain \[[@pone.0136950.ref008]--[@pone.0136950.ref010]\], and no changes in *BACE1* mRNA expression in AD patients have been detected in most studies \[[@pone.0136950.ref005], [@pone.0136950.ref011]--[@pone.0136950.ref013]\]. Recently, increased BACE1 levels were reported only in a subgroup \[\~30%) of sporadic AD patients \[[@pone.0136950.ref011]\]. Therefore, increased BACE1 activity is not associated with similar increases in BACE1 protein or mRNA during aging and at least in a fraction of AD patients \[[@pone.0136950.ref002], [@pone.0136950.ref011], [@pone.0136950.ref014]\].

p25 is an aberrant cyclin-dependent kinase 5 (Cdk5) activator generated from calpain-mediated cleavage of the Cdk5 activator p35 under neurotoxic conditions, and p25/Cdk5 is a proline-directed serine/threonine kinase implicated in several neurodegenerative diseases, including AD \[[@pone.0136950.ref015]\]. p25 expression and Cdk5 activity are increased in the brains of sporadic AD patients \[[@pone.0136950.ref006], [@pone.0136950.ref016]--[@pone.0136950.ref018]\], although the increase in p25 expression is controversial \[[@pone.0136950.ref019]\]. Overexpression of p25 has been shown to increase BACE1 mRNA and protein levels via transcriptional regulation \[[@pone.0136950.ref020]\]. However, it is not clear how this result is associated with increased BACE1 protein and activity in AD because *BACE1* mRNA is not elevated in AD brains. Thus, although BACE1 dysregulation could play an important role in the pathogenesis of sporadic AD, the underlying mechanisms by which BACE1 activity is elevated in AD still remain unclear.

To decipher the mechanisms that underlie enhanced BACE activity observed in AD brains and during aging, we sought to determine whether the increase in p25/Cdk5 activity in AD is linked to BACE enzymatic activity via direct phosphorylation. We demonstrate that BACE1 is phosphorylated by p25/Cdk5 *in vitro* and the phosphorylated BACE1 has increased BACE1 activity. The amounts of *in vivo* phospho-BACE1 and BACE1 enzymatic activity are increased by p25 overexpression. Our results provide insights into the mechanisms of AD pathogenesis and may facilitate the development of novel drugs for the treatment of sporadic AD.

Materials and Methods {#sec002}
=====================

Proteins and antibodies {#sec003}
-----------------------

BACE1 and the p25/Cdk5 complex were from Invitrogen (Carlsbad, USA) and Upstate Biotechnology (Lake Placid, USA) respectively. p25 and Cdk5 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, USA); APP and phospho-APP antibodies, from Cell Signaling Technology (Danvers, USA); anti-actin antibodies, from Sigma (St. Louis, USA); anti-BACE1 antibodies to the C-terminal peptide, from Chemicon International (Temecula USA), Calbiochem (Billerica, USA), and Santa Cruz;, and the peptide 296--310 (RLPKKVFEAAVKSIK) was custom-made (Peptron, Korea). A phosphospecific BACE1 (P-BACE1) antibody was raised against a synthetic phosphopeptide \[SLWYThr^252^(PO~4~)PIRR\] and affinity-purified first with a cognate nonphosphopeptide affinity column and then with a phosphopeptide column (Peptron).

Cdk5 kinase assay {#sec004}
-----------------

For autoradiography analysis, purified BACE1 protein (1.5 μg) was incubated for 1 h at 30°C with the p25/Cdk5 complex (40 ng) in kinase buffer (20 mM MOPS, pH 7.0, 10 mM MgCl~2~, 1 mM DTT, 20 μM sodium orthovanadate) containing 100 μM cold ATP and 5 μCi \[γ-^32^P\]ATP. The reaction mixtures were separated on SDS-polyacrylamide gels. For analysis by immunoblotting with a P-BACE1 antibody, BACE1 protein (0.32 μg) was incubated with the recombinant p25/Cdk5 complex (50 ng) in kinase buffer containing 200 μM ATP at 30°C for 2 h.

BACE1 activity and Aβ assays {#sec005}
----------------------------

For the BACE1 enzymatic activity assay, cell culture or brain lysates were incubated with 10 μM fluorogenic peptide substrate IV, which contains an APPsw β-secretase cleavage site, in 96-well plates, and ELISA was performed according to the manufacturer's recommendations (R&D Systems, USA). Fluorescence was measured at an excitation wavelength of 320 nm and an emission wavelength of 405 nm using a SPECTRAmax Gemini XS fluorometer with Softmax PRO 4.3 LS software (Molecular Devices, USA). The amount of Aβ peptide was measured using a sandwich enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's recommendations (IBL, Japan). For the measurement of Aβ in the brain, SDS (2%)-extracted hippocampal lysates were used \[[@pone.0136950.ref021]\]. The amount of Aβ was normalized to the amount of total protein.

DNA constructs, transfections, cell culture and secretion assay {#sec006}
---------------------------------------------------------------

Full-length p25, Cdk5, and BACE1 were cloned from a human brain cDNA library using reverse transcription polymerase chain reaction (RT-PCR). The amplified DNA fragments were then subcloned into either the pcDNA3.1myc/his or the pTRE-pur vector (Invitrogen). The human BACE1 T252A construct was generated by DpnI-mediated site-directed mutagenesis, and the sequences of the resulting clones were verified. HEK293T and SK-N-BE(2)C cells were cultured at 37°C and 5% CO~2~ in Dulbecco's modified Eagle medium (DMEM) or DMEM/F-12 medium (Gibco-BRL, USA), respectively, supplemented with 10% fetal bovine serum (FBS). PC12(Tet-Off) cells were cultured at 37°C and 5% CO~2~ in RPMI1640 medium supplemented with 10% FBS, 5% horse serum (HS), and 100 μg/mL G418. Cells were transiently or stably transfected using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. PC12(Tet-Off) cells stably expressing p25 were generated as described previously \[[@pone.0136950.ref022]\]. The human growth hormone (hGH) secretion assay was performed in PC12 cells (ATCC), as previously described \[[@pone.0136950.ref022], [@pone.0136950.ref023]\].

Preparation of lysates from cell cultures and brains {#sec007}
----------------------------------------------------

HEK293T and SK-N-BE(2)C cells (ATCC) were harvested 24 h after transient transfection. To induce p25 expression, PC12 cells stably transfected with p25 \[[@pone.0136950.ref022]\] were incubated for 3 days without doxycycline. For roscovitine (50 μM) treatment or for the Aβ assay, PC12 cells stably transfected with p25 were incubated for an additional 24 h on new culture plates with fresh conditioned medium (RPMI640, 5% HS, 1% FBS; with or without roscovitine). The amount of Aβ peptide secreted into the conditioned media was measured as described above. Cells were then lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% deoxycholic acid) containing 1 mM PMSF and a protease inhibitor cocktail.

p25 transgenic (TG) mice, which overexpress the human *p25* gene under the control of the neuron-specific enolase (NSE) promoter \[[@pone.0136950.ref024]\], were obtained from Jackson Labs and subsequently inbred. TG mice and control littermates were sacrificed by cervical dislocation. Brains were dissected, and snap-frozen in liquid nitrogen. Dounce homogenization was performed in RIPA buffer containing 1 mM PMSF, a protease inhibitor cocktail, and phosphatase inhibitors (50 mM NaF, 1 mM Na orthovanadate). Experiments were performed in accordance with guidelines of the Inje University Council Directive for the proper care and use of laboratory animals. This animal care and use protocol was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at College of Medicine Inje University.

Postmortem brain samples from AD patients and normal controls were provided by the Harvard Brain Bank at McLean Hospital, and the brain lysates were prepared as described previously \[[@pone.0136950.ref025]\]. Lysates were either used fresh or were aliquoted, frozen in liquid nitrogen, and stored at -80°C. Typically, 50 μg of total protein was used for western blotting, BACE1 activity assay, and Aβ assay. Unless indicated otherwise, BACE1 bands corresponding to the molecular size of phospho-BACE1 are shown in western blots. Co-immunoprecipitation using cdk5 antibody was performed as described previously \[[@pone.0136950.ref026]\].

Immunohistochemistry {#sec008}
--------------------

Mice were anesthetized with isoflurane and intracardially perfused with phosphate-buffered saline (PBS), followed by 4% paraformaldehyde. Brains were fixed in 4% paraformaldehyde in PBS overnight at 4°C and were then cryoprotected. Sections (16-μm thick) of mouse brains were prepared as previously described \[[@pone.0136950.ref027]\] and used for immunofluorescence microscopy after incubation with P-BACE1 antibodies (1:500 dilution) and Cy3-conjugated goat anti-rabbit antibodies.

Iodixanol step gradient {#sec009}
-----------------------

Mouse brain organelles were separated by iodixanol step gradient, as described by Lee *et al*. \[[@pone.0136950.ref028]\]. Hippocampus tissue from 19-month-old p25 TG mice was homogenized in 1 mL homogenization buffer (250 mM sucrose, 20 mM Tris-HCl, pH 7.4, 1 mM EGTA, 1 mM EDTA, and protease and phosphatase inhibitors). Brain homogenates were centrifuged to obtain the postnuclear supernatant (PNS). The PNS was then diluted to 25% OptiPrep (Axis-Shield PoC.) using 50% OptiPrep in homogenization buffer and placed at the bottom of an ultracentrifuge tube. This mixture was then overlaid successively with 1 mL each of 20%, 18.5%, 16.5%, 14.5%, 12.5%, 10.5%, 8.5%, 6.5%, and 5% OptiPrep in cold homogenization buffer. The gradient was centrifuged for 20 h at 27,000 rpm at 4°C. Fractions of 1 mL each were collected from the top of the gradient and analyzed by western blotting with antibodies as indicated.

Protease-protection assay {#sec010}
-------------------------

Protease-protection assays were performed to determine protein topology using a modified method described by Lin *et al*. \[[@pone.0136950.ref029]\]. For proteinase K (PK) digestion, aliquots of iodixanol gradient fractions 5 and 10 of hippocampus samples from 19-month-old p25 TG mice were suspended in 25 μL reaction buffer containing 10 mM Tris-HCl (pH 7.8), 150 mM KCl, 2 mM MgCl~2~, and 2 mM CaCl~2~, followed by incubation with or without 50 or 100 μg PK (Boehringer Mannheim GmbH, Germany) in the presence or absence of Triton X-100 (TX-100) at room temperature for 30 min. Thereafter, 10 mM PMSF was added to stop the reaction. Proteins were analyzed by western blotting with appropriate antibodies.

Statistical analysis {#sec011}
--------------------

All numerical data are presented as mean ± SEM. Comparison between two groups was carried out using two-tailed Student's t-tests except the analysis of control and AD groups which was performed by Mann-Whitney U test. A p-value of \< 0.05 was considered statistically significant.

Results {#sec012}
=======

BACE1 is phosphorylated by p25/Cdk5 at Thr252 {#sec013}
---------------------------------------------

To determine whether the p25/Cdk5 complex can phosphorylate BACE1 *in vitro*, we incubated purified BACE1 with recombinant p25/Cdk5 in a kinase assay buffer containing \[γ-^32^P\]ATP. A band corresponding to the molecular size of BACE1 was detected by autoradiography only when both BACE1 and p25/Cdk5 were present in the reaction mixture ([Fig 1A](#pone.0136950.g001){ref-type="fig"}). This indicates that BACE1 is phosphorylated by p25/Cdk5. However, the signal of the phospho-BACE1 band was weak, suggesting that a large fraction of the insect cell-derived BACE1 may not have folded properly and thus may have been unable to serve as a substrate for p25/Cdk5. In agreement with a previous report \[[@pone.0136950.ref030]\], we also detected phosphorylation of p25 by Cdk5 ([Fig 1A](#pone.0136950.g001){ref-type="fig"}).

![Phosphorylation of BACE1 at Thr252 by p25/Cdk5.\
A. Coomassie staining (left) and autoradiograph (middle) of SDS polyacrylamide gels containing the products of *in vitro* kinase assays that employed a BACE1 substrate and the p25/Cdk5 complex. Phospho-BACE1 and phospho-p25 are indicated by an arrow and an arrowhead, respectively. Histone H1, a known substrate of p25/Cdk5, was used as a positive control (right). B. Alignment of human, rat, and mouse BACE1 amino acid sequences. The consensus Cdk5 phosphorylation site is marked in bold. The phosphopeptide used to generate a phosphospecific BACE1 antibody is shown. C. Products of *in vitro* kinase assays that employed a BACE1 substrate and the p25/Cdk5 complex. Reactions were incubated for the indicated times (left panel) and treated with or without roscovitine, a Cdk5 inhibitor (right panel). Products were then analyzed by western blotting with phosphospecific BACE1 (P-BACE1) antibodies and anti-BACE1 antibodies. D. Western blots for detection of P-BACE1 and BACE1 from HEK293T cells transfected with plasmids encoding the indicated proteins. E. Rat brain lysates were analyzed by western blotting with anti-P-BACE1 antibodies. F. **Peptide competition assays demonstrated the specificity of anti-P-BACE1 antibodies.** Lysates from HEK293T cells transiently transfected with plasmids encoding p25 and Cdk5 (left panel) or mouse hippocampal lysates (right panel) were analyzed by western blotting with anti-P-BACE1 antibodies pre-incubated in the absence (None) or presence of BACE1-phosphopeptide (SLWYT(PO~4~)PIRR), BACE1-nonphosphopeptide (SLWYTPIRR), or p25-phosphopeptide (SAGT(PO~4~)PKRVI). G. Co-immunoprecipitation assays showed the interaction between BACE1 and Cdk5. HEK293T cell lysates that were transfected with plasmids encoding p25 and Cdk5 (left panel) or p25 TG mouse hippocampal lysates (right panel) were immunoprecipitated with control IgG or anti-Cdk5 antibodies and then subjected to immunoblot analysis with the indicated antibodies.](pone.0136950.g001){#pone.0136950.g001}

An examination of the amino acid sequence of BACE1 revealed the presence of a consensus Cdk5 phosphorylation site at Thr252, which was followed by proline and basic amino acids that are conserved in humans, rats, and mice ([Fig 1B](#pone.0136950.g001){ref-type="fig"}). To determine whether Cdk5 phosphorylated BACE1 at Thr252, we used a custom-made rabbit polyclonal antibody to the phosphopeptide SLWYT^252^(PO~4~)PIRR (P-BACE1 antibody) ([Fig 1B](#pone.0136950.g001){ref-type="fig"}). To determine the specificity of the P-BACE1 antibody, purified recombinant BACE1 was incubated with p25/Cdk5 *in vitro* for various times. The P-BACE1 antibody detected a time-dependent increase in BACE1 phosphorylation, which was strongly reduced in the presence of a Cdk5 inhibitor, roscovitine ([Fig 1C](#pone.0136950.g001){ref-type="fig"}), indicating that the antibody detected the phosphorylated form of BACE1. Next, we performed western blotting with lysates from HEK293T cells transiently transfected with expression plasmids encoding p25, Cdk5, or both. The P-BACE1 antibody detected a band corresponding to the size of endogenous BACE1 only in the presence of both p25 and Cdk5 ([Fig 1D](#pone.0136950.g001){ref-type="fig"}). In mouse and rat brains, a 120--130 kDa band corresponding to the size of the BACE1 dimer was predominantly detected by the P-BACE1 antibody ([Fig 1E](#pone.0136950.g001){ref-type="fig"}). This was unexpected because most studies have suggested that the BACE1 dimer is not the major form. The BACE1 dimer band was also detected by an anti-BACE1 polyclonal antibody targeting the C-terminal region of BACE1 (Figs [2](#pone.0136950.g002){ref-type="fig"}, [3](#pone.0136950.g003){ref-type="fig"} and [4](#pone.0136950.g004){ref-type="fig"}). In fact, the 60-kDa band corresponding to the BACE1 monomer size was difficult to detect with the P-BACE1 antibody in most western blots of mouse brain lysates. An SDS-resistant dimer band (∼110 kDa) was also observed by immunoblotting when purified recombinant BACE1 (∼55 kDa) was phosphorylated *in vitro* by p25/Cdk5 (unpublished observation). The BACE1 dimer was resistant to nonionic detergents and reducing and denaturing conditions, such as boiling in SDS, which suggests the existence of strong intermolecular interactions of BACE1 proteins. These results were consistent with previous reports on SDS- and boiling-resistant BACE1 dimers \[[@pone.0136950.ref031]--[@pone.0136950.ref033]\] and suggest that BACE1 may form a covalently modified, non--disulfide-linked homodimer through post-translational modification, such as phosphorylation of BACE1 at Thr252 by p25/Cdk5. The specificity of the P-BACE1 antibody was further confirmed by peptide competition experiments showing that the antibody signal in the western blot was blocked by pre-incubation with the BACE1 phosphopeptide ([Fig 1F](#pone.0136950.g001){ref-type="fig"}).

![Phospho-BACE1 and BACE activity are increased in p25-overexpressing cells.\
A. Representative western blots of PC12(Tet-Off) cells (Con) and PC12(Tet-Off) cells stably transfected with p25 (p25). B. BACE activity and the amount of Aβ secreted into the medium by PC12(Tet-Off) cells and cells stably transfected with p25. C. Effects of roscovitine on P-BACE1, BACE activity, and Aβ secretion in cells stably transfected with p25. Data in B and C are means ± SEMs and were obtained from 2--4 independent experiments performed in triplicate. \*\**p* \< 0.01 versus the control by 2-tailed Student's t-test.](pone.0136950.g002){#pone.0136950.g002}

![Phospho-BACE1 is markedly increased in the hippocampus of p25 transgenic (TG) mice.\
A. Immunohistochemistry of brain sections from p25 TG mice (20 weeks old, lower panel) and age-matched wild-type (WT) mice (upper panel) using anti-P-BACE1 antibodies. B. Representative western blots of indicated brain regions in two p25 TG mice and control littermates. Arrowheads indicate phospho-BACE1 and the corresponding BACE1 dimer. C. Densitometric analysis of western blots (normalized by β-actin signal) and BACE activity in p25 TG mice plotted as a percent of the WT. D. Aβ amounts in the hippocampus of p25 TG mice plotted as a percent of the WT. Data in C and D are means ± SEMs of 4--7 independent experiments. \**p* \< 0.05 versus WT mice by 2-tailed Student's t-test.](pone.0136950.g003){#pone.0136950.g003}

![Phospho-BACE1 protein is elevated in the superior frontal cortex of human AD brains.\
A. Representative western blots of superior frontal cortex tissue (Brodmann area 9) from human AD patients (AD) and normal controls (Con). Arrowheads indicate phospho-BACE1 and the corresponding BACE1 dimer. B. Densitometric analysis of phospho-BACE1 and BACE1 signals in the western blot shown in A, normalized by β-actin signals. Amounts of phospho-BACE1 and BACE1 are plotted as a percent of the control. Control and AD groups consisted of 5 normal (mean age 65 ± 3 years; postmortem interval \[PMI\], 19 ± 1 h) and 10 AD patients (mean age 69 ± 2 years; PMI, 18 ± 2 h), respectively. \**p* \< 0.05, \*\**p* \< 0.01 versus the control by Mann-Whitney U test.](pone.0136950.g004){#pone.0136950.g004}

To explore the interaction between BACE1 and p25/Cdk5 proteins, co-immunoprecipitation assays were performed with the lysates of HEK293T cells transfected with plasmids encoding p25 and Cdk5. BACE1 was coimmunoprecipitated with Cdk5 ([Fig 1G](#pone.0136950.g001){ref-type="fig"}, left panel). Furthermore, BACE1 was immunoprecipitated with the anti-Cdk5 antibody from p25 TG mouse hippocampal lysates ([Fig 1G](#pone.0136950.g001){ref-type="fig"}, right panel), suggesting the interaction between endogenous BACE1 and Cdk5.

Phospho-BACE1 and BACE activity are increased in p25-overexpressing cells and TG mice {#sec014}
-------------------------------------------------------------------------------------

To analyze the interplay between p25 and BACE1, and to avoid potential toxicity from p25 overexpression \[[@pone.0136950.ref016]\], we generated stably transfected PC12 cells in which exogenous p25 expression was regulated by a Tet-Off system. Consistent with a previous report demonstrating that p25 overexpression is associated with increased BACE1 mRNA, protein, and activity in human neuroblastoma SH-SY5Y cells \[[@pone.0136950.ref020]\], BACE1 protein levels, BACE1 activity, and Aβ secreted in the medium were increased substantially in PC12 cells stably transfected with p25 ([Fig 2A and 2B](#pone.0136950.g002){ref-type="fig"}). The amount of phospho-BACE1 was increased in p25-transfected cells compared to control cells ([Fig 2A](#pone.0136950.g002){ref-type="fig"}). Phospho-Thr668-APP, a form of APP subjected to p25/Cdk5-mediated phosphorylation \[[@pone.0136950.ref028], [@pone.0136950.ref034]\], was also increased in p25-transfected cells. Furthermore, BACE1 phosphorylation, BACE1 activity, and Aβ secretion were reduced by roscovitine ([Fig 2C](#pone.0136950.g002){ref-type="fig"}), suggesting a link between p25 expression and BACE activity through Cdk5-mediated phosphorylation.

To confirm the above findings, we analyzed brains of p25 TG mice. Immunohistochemical analyses revealed that BACE1 phosphorylation was markedly increased in the hippocampus of p25 TG mice compared to that of control littermates ([Fig 3A](#pone.0136950.g003){ref-type="fig"}). The results were corroborated by western blotting with brain lysates prepared from the hippocampus, cortex, and cerebellum of p25 TG mice and control littermates ([Fig 3B](#pone.0136950.g003){ref-type="fig"}). The p25 TG mice showed robust p25 expression in the hippocampus and less p25 expression in the cerebellum ([Fig 3B](#pone.0136950.g003){ref-type="fig"}). Phospho-BACE1 was increased by 52% in the hippocampus of p25 TG mice as compared to control littermates ([Fig 3C](#pone.0136950.g003){ref-type="fig"}). The P-BACE1 antibody detected a 120--130 kDa protein band corresponding to the BACE1 dimer size \[[@pone.0136950.ref031], [@pone.0136950.ref035]\]. Western blotting revealed that the amounts of the BACE1 dimer and the BACE1 monomer (60--65 kDa) were also increased by 122% and 68%, respectively, in the hippocampus of p25 TG mice ([Fig 3B and 3C](#pone.0136950.g003){ref-type="fig"}). In agreement with a previous report \[[@pone.0136950.ref020]\], BACE1 enzymatic activity was increased by 56% in the hippocampus of p25 TG mice ([Fig 3C](#pone.0136950.g003){ref-type="fig"}). Furthermore, the amounts of Aβ~1--40~ and Aβ~1--42~ in the hippocampus of p25 TG mice were increased by 2.2- and 4.3-fold, respectively, compared to control littermates ([Fig 3D](#pone.0136950.g003){ref-type="fig"}). Taken together, these results demonstrate that BACE1 phosphorylation, BACE activity, and Aβ levels are enhanced with p25 overexpression.

BACE1 phosphorylation is elevated in human AD brains {#sec015}
----------------------------------------------------

Both senile plaques and neurofibrillary tangles are found in the frontal cortex and hippocampus of AD brains \[[@pone.0136950.ref004]\]. To investigate the degree of phosphorylation of BACE1 in sporadic AD patients, we performed western blot analyses on superior frontal cortex samples from AD patients and age-matched controls. Consistent with previous findings \[[@pone.0136950.ref005], [@pone.0136950.ref007]\], we observed increased levels of the BACE1 monomer ([Fig 4A and 4B](#pone.0136950.g004){ref-type="fig"}) in AD brains compared to controls. We found that the amounts of phospho-BACE1 and the corresponding BACE1 dimer in AD brain tissue were significantly increased compared to controls ([Fig 4A and 4B](#pone.0136950.g004){ref-type="fig"}). These results suggest that elevated BACE1 phosphorylation is linked to the pathogenesis of sporadic AD.

p25/Cdk5-mediated phosphorylation of BACE1 increases BACE1 activity {#sec016}
-------------------------------------------------------------------

The facts that the BACE1 dimer is more active than the monomer \[[@pone.0136950.ref033], [@pone.0136950.ref035]\] and that the Thr252 phosphorylation site is close to the active site of BACE1 \[[@pone.0136950.ref036]\] prompted us to examine the effect of phosphorylation on BACE1 enzymatic activity *in vitro*. The activity of BACE1 that had been phosphorylated by p25/Cdk5 *in vitro* was increased by 20% when compared with that of unphosphorylated BACE1 ([Fig 5A](#pone.0136950.g005){ref-type="fig"}). This rather small increase is likely related to the low level of *in vitro* BACE1 phosphorylation by p25/Cdk5 ([Fig 1A](#pone.0136950.g001){ref-type="fig"}). Roscovitine, a Cdk5 inhibitor, reduced BACE1 phosphorylation substantially (Figs [1B](#pone.0136950.g001){ref-type="fig"} and [2C](#pone.0136950.g002){ref-type="fig"}) and inhibited BACE1 activity compared to that of phosphorylated BACE1 ([Fig 5A](#pone.0136950.g005){ref-type="fig"}). However, roscovitine did not have any effect on BACE1 activity in the absence of p25/Cdk5 ([Fig 5A](#pone.0136950.g005){ref-type="fig"}). These results demonstrate that *in vitro* phosphorylation of BACE1 by p25/Cdk5 increases BACE1 activity.

![p25/Cdk5-mediated phosphorylation of BACE1 increases its activity.\
A. Effect of *in vitro* p25/Cdk5-mediated phosphorylation of BACE1 on its enzymatic activity. B. Effect of a phosphorylation-defective BACE1 mutant (BACE1 T252A) on BACE activity in SK-N-BE(2)C cells. C. Effect of BACE1 T252A on the production of Aβ in HEK293 cells stably expressing APPsw. D. Effect of phosphorylation of Thr252 in BACE1 on basal hGH secretion in PC12 cells. Basal secretion from BACE1 or BACE1 T252A-transfected cells is plotted as a percentage of the secretion from PC12 cells transfected with the control plasmid. Representative immunoblot of extracts from transfected cells with an anti-His antibody is shown below the corresponding graph.](pone.0136950.g005){#pone.0136950.g005}

To further assess the role of Thr252 phosphorylation in BACE1 enzymatic activity, SK-N-BE(2)C human neuroblastoma cells were transfected with either a control plasmid or with plasmids encoding full-length wild-type BACE1 (WT) and a phosphorylation-defective BACE1 mutant (T252A). The expression of WT BACE1 and BACE1T252A enhanced the BACE1 activity by 50% ± 10% (*p* \< 0.01 versus control, n = 6) and 13% ± 2% (*p* \< 0.01 versus control, n = 6), respectively ([Fig 5B](#pone.0136950.g005){ref-type="fig"}). The BACE1 activity in cell cultures expressing BACE1T252A was significantly reduced compared with that expressing WT BACE1 ([Fig 5B](#pone.0136950.g005){ref-type="fig"}). We then examined the effects of Thr252 phosphorylation on the production of Aβ using stable HEK293 cell lines overexpressing APPsw. Transfection of HEK293 cells stably expressing APPsw with WT BACE1 increased Aβ levels by 77% ± 21% (*p* \< 0.01 versus control, n = 6), whereas transient expression of the T252A mutant had little effect on the amount of Aβ ([Fig 5C](#pone.0136950.g005){ref-type="fig"}). Similar amounts of BACE1 WT and the BACE1(T252A) mutant were used for the BACE1 activity and Aβ assays ([Fig 5B and 5C](#pone.0136950.g005){ref-type="fig"}). These results demonstrate that Thr252 phosphorylation site is important for BACE1 activity.

We previously reported that BACE1 overexpression stimulates basal secretion in PC12 cells \[[@pone.0136950.ref037]\], suggesting that elevated BACE1 in AD brains may contribute to the altered neurotransmitter pathology of AD. We also showed that expression of p25 causes an increase in basal secretion, and co-expression of BACE1 and p25 stimulates basal secretion in an additive manner in PC12 cells \[[@pone.0136950.ref022]\]. To determine the role of Thr252 phosphorylation in the BACE1-induced increase in basal secretion, the effects of WT BACE1 or the T252A mutant on basal hGH secretion were compared in PC12 cells. The expression of WT BACE1 and BACE1T252A increased basal hGH secretion by 33% ± 3% (*p* \< 0.001 versus control, n = 9) and 15% ± 2% (*p* \< 0.001 versus control, n = 9) respectively ([Fig 5D](#pone.0136950.g005){ref-type="fig"}). The basal secretion of hGH in cell cultures expressing BACE1T252A was significantly decreased compared with that expressing WT BACE1 ([Fig 5D](#pone.0136950.g005){ref-type="fig"}), while the expression levels of BACE1 WT and BACE1(T252A) mutant were similar, suggesting that Thr252 phosphorylation played a role in the BACE1-induced elevation in basal secretion in PC12 cells. Taken together, these results show the importance of Thr252 phosphorylation for the activity and function of BACE1.

Phospho-BACE1 is cofractionated with p25 and endosome markers in an iodixanol gradient, and fraction 5 of p25 is present in the lumen {#sec017}
-------------------------------------------------------------------------------------------------------------------------------------

BACE1 is mainly localized within acidic compartments, such as the endosome, a major compartment for APP processing, and its active site is in the lumen of the vesicles \[[@pone.0136950.ref014], [@pone.0136950.ref028], [@pone.0136950.ref036], [@pone.0136950.ref038]\]. p25 is a cytosolic protein; however, the Thr252 phosphorylation site of BACE1 faces either the luminal or extracellular side. To understand the mechanism by which p25/Cdk5 phosphorylates BACE1 in a different compartment, various organelles from hippocampal tissues of 19-month-old p25 TG mice were separated on an iodixanol (Optiprep) density gradient. The distribution of organelles in the different fractions was monitored for colocalization with known organelle markers. Western blotting using the P-BACE1 antibody demonstrated a broad distribution of P-BACE1 between fractions 3--7 and 9--11 ([Fig 6A](#pone.0136950.g006){ref-type="fig"}). BACE1 had a wide distribution between fractions 2--10 ([Fig 6A](#pone.0136950.g006){ref-type="fig"}). About \~90% of loaded proteins were found in the bottom fractions 10--11. Lysosomes (cathepsin D), Golgi apparatus (GM130) and endoplasmic reticulum (ER; Bip/Grp78) were segregated to the bottom of the gradient ([Fig 6A](#pone.0136950.g006){ref-type="fig"}). Some of the P-BACE1 in the bottom gradients may represent unseparated or aggregated lysates or immature P-BACE1 in the secretory pathway. The fractionation profiles of p25 and P-BACE1 mostly overlapped with that of Rab5, an early endosome marker ([Fig 6A](#pone.0136950.g006){ref-type="fig"}), suggesting that the p25/Cdk5-mediated phosphorylation of BACE1 may occur in Rab5-positive endosomes.

![Phospho-BACE1 is cofractionated with p25 and endosome marker in an iodixanol gradient, and fraction 5 of p25 is a luminal protein.\
A. Nineteen-month-old p25 TG mouse hippocampus homogenates were separated through an iodixanol step gradient. Western blot analysis showed the distribution of the indicated proteins and organelle markers: Rab5 (early endosome), cathepsin D (lysosome), GM130 (Golgi apparatus), and Bip/Grp78 (ER). B. Two selected fractions, 5 and 10, were digested with PK in the presence or absence of the detergent Triton X-100 (TX-100) followed by immunoblotting analysis with indicated antibodies.](pone.0136950.g006){#pone.0136950.g006}

To examine the topological properties of p25 and related proteins, 2 representative fractions, 5 and 10, were selected and digested with proteinase K (PK) in the presence or absence of detergent, followed by immunoblotting analysis ([Fig 6B](#pone.0136950.g006){ref-type="fig"}). Surprisingly, p25 in fraction 5 was resistant to PK digestion at 100 μg/mL, and a portion of p35 and Cdk5 were also resistant to PK digestion ([Fig 6B](#pone.0136950.g006){ref-type="fig"}), while the proteins in fraction 5 were digested in the presence of detergent (1% Triton X-100). However, the proteins of interest in fraction 10 were almost completely digested by PK ([Fig 6B](#pone.0136950.g006){ref-type="fig"}). These results indicate that p25 and a portion of p35 and Cdk5 in fraction 5 are protected from protease digestion because they are present in the lumen of vesicles and that p25/Cdk5-mediated phosphorylation of BACE1 may occur in the lumen of endosomes.

Discussion {#sec018}
==========

In this study, we demonstrate for the first time that BACE1 is phosphorylated by Cdk5. We conclude that BACE1 phosphorylation by p25/Cdk5 contributes to the observed increase in BACE activity based on the following data: (1) *in vitro* experiments using purified BACE1 and p25/Cdk5 provide direct evidence that phospho-BACE1 increases BACE1 activity; (2) the BACE1T252A mutant inhibits BACE1 activity and basal secretion in cells compared to that of WT BACE1, suggesting that Thr252 phosphorylation is important for BACE1 activity/function; and (3) BACE1 phosphorylation, BACE activity, and Aβ levels are enhanced in p25-overexpressing cells, p25 TG mice, and human AD brains, supporting a link between phospho-BACE1 and BACE1 activity. BACE1 activity, but not the amount of BACE1, increases in humans, monkeys, and mice during aging, the major risk factor for AD \[[@pone.0136950.ref002], [@pone.0136950.ref003]\]. In AD brains, BACE1 activity is disproportionately increased relative to BACE1 protein or mRNA levels \[[@pone.0136950.ref004], [@pone.0136950.ref014]\]. Perhaps multiple factors, including transcriptional, post-transcriptional, and/or post-translational regulation of BACE1, may contribute to the elevated expression and activity of BACE1 \[[@pone.0136950.ref039]\]. The phosphorylation of BACE1 by p25/Cdk5 described in this study could be one mechanism by which BACE1 activity is increased without changes in BACE1 protein levels.

The inconsistencies in reports of p25 levels in AD brain samples \[[@pone.0136950.ref016], [@pone.0136950.ref017], [@pone.0136950.ref019]\] are likely due to the short half-life of p25 \[[@pone.0136950.ref015]\] as well as variations in human brain samples and treatment conditions (e.g., postmortem interval, number of freezing/thaw cycles, etc.). Recent studies show that Cdk5 protein levels and the ratio of p25:p35 are increased in AD brains \[[@pone.0136950.ref006]\]. Cdk5 is also increased in the brains of mild cognitive impairment (MCI) patients, who show a higher risk of AD \[[@pone.0136950.ref040]\]. It is important to note that we observed increases in phospho-BACE1 and BACE1 activity as well as increased amounts of p25 in normal aging (unpublished observation), suggesting that p25/Cdk5-mediated BACE1 phosphorylation may also explain the age-related increase in BACE1 activity. In fact, the discrepancy in p25 expression in AD does not necessarily contradict the importance of the p25/Cdk5 mechanism for phosphorylating BACE1 and increasing BACE1 activity, as described in this study. The recent finding that partial genetic deletion of BACE1 in p25 TG mice reduced Aβ levels and rescued synaptic and cognitive deficits seen in p25 TG mice \[[@pone.0136950.ref041]\] provides *in vivo* proof for the link between BACE1 activity and p25 protein. Further investigations measuring BACE1 activity in BACE1 Thr252A knock-in p25 TG mice may further substantiate the functional importance of this phosphorylation event.

Previous studies have shown that miscompartmentalization occurs in patients with AD, including mislocalization of extracellular heparan sulfate to the cytoplasmic compartment \[[@pone.0136950.ref042], [@pone.0136950.ref043]\]; however, the underlying mechanisms are poorly understood. Neuronal endocytic abnormalities, including endosomal enlargement, are early pathological alterations in AD that contribute to increased Aβ generation \[[@pone.0136950.ref044], [@pone.0136950.ref045]\]. BACE1 levels are enriched in enlarged endosomes, and BACE1 is colocalized with phospho-Thr668-APP in these compartments \[[@pone.0136950.ref028]\]. The predicted structure of BACE1 suggests that the location of the BACE1 phosphorylation site at Thr252 is in the lumen of the organelle or on the external surface of the plasma membrane. This is not easily reconciled with the idea that p25/Cdk5, which is localized in the cytosol, participates in the phosphorylation of BACE1. Biochemical fractionation of organelles and protease protection assays suggested that a fraction of p25 is present in the lumen. Although the location and the detailed mechanism by which p25/Cdk5 phosphorylates BACE1 need further investigation, our results may provide the foundation for future studies on this topic. We propose several models of p25/Cdk5-mediated BACE1 phosphorylation as follows:

1.  One possibility is that under cellular stress caused by p25 overexpression, autophagosomes containing various cytosolic proteins together with p25 may fuse with BACE1-containing endosomes, and p25/Cdk5-mediated BACE1 phosphorylation may then occur in the lumen of amphisomes. The autophagosomes can fuse with endocytic structures, such as multivesicular bodies (MVBs), generating the amphisome, which fuses with the lysosome to degrade the cytosolic materials \[[@pone.0136950.ref046]\]. In AD brains, autophagy abnormalities, including marked accumulation of autophagic vacuoles (AVs), recognized as Aβ-generating compartments \[[@pone.0136950.ref047], [@pone.0136950.ref048]\], and impaired maturation of AVs to lysosomes \[[@pone.0136950.ref049], [@pone.0136950.ref050]\] have been reported; these factors may contribute to the pathogenesis of AD.

2.  The second possibility is that cytosolic p25 and Cdk5 pass through leaky endosomal membranes and phosphorylate BACE1 in the lumen of endosomes because increased Aβ~1--42~ in p25 TG mice may disrupt endosomal/lysosomal membrane impermeability and cause membrane leakage \[[@pone.0136950.ref051], [@pone.0136950.ref052]\].

3.  Another possibility is that p25/Cdk5 may be localized inside small vesicles of multivesicular endosomes by some unknown mechanism, perhaps in a similar way as the sequestration of glycogen synthase kinase 3 (GSK3) from the cytosol into MVBs upon Wnt stimulation \[[@pone.0136950.ref053]\]. Elevated Aβ~1--42~ in p25 TG mice may cause leakage of p25/Cdk5-containing small vesicles, and p25/Cdk5 can then phosphorylate BACE1 in the lumen of multivesicular endosomes. Previous studies have shown that Aβ~1--42~ is localized predominantly to MVBs in the AD brain \[[@pone.0136950.ref054]\].

4.  An alternative possibility is that p25/Cdk5-mediated BACE1 phosphorylation may occur in the cytosol during or after translation of the BACE1 protein on free ribosomes, as reported in a previous study in which Dyrk2 was shown to be phosphorylated before leaving the ribosome \[[@pone.0136950.ref055]\]. The N-terminal ER signal sequence may then target BACE1 to the ER, where BACE1 undergoes dimerization \[[@pone.0136950.ref031]\]. In fact, most of the phospho-BACE1 protein was found in the bottom fractions, where organelle markers of the ER, Golgi, endosomes, and lysosomes are localized.

From the results herein, we propose the following mechanism for the regulation of BACE1 activity in AD brains. Aberrant Cdk5 activation by p25 upregulates BACE activity through enhanced phosphorylation of BACE1, and this process contributes to the pathogenesis of sporadic AD. Furthermore, the elevated p25/Cdk5 levels could contribute to the phosphorylation of STAT3, which in turn transcriptionally upregulate both BACE1 \[[@pone.0136950.ref020]\] and γ-secretase component presenilin-1, and thereby increase the Aβ levels \[[@pone.0136950.ref056]\]. The role of p25/Cdk5 in the pathogenesis of AD, such as Aβ production, Tau pathology, neuronal loss, and cognitive and synaptic defects, has been established \[[@pone.0136950.ref020], [@pone.0136950.ref041], [@pone.0136950.ref057]--[@pone.0136950.ref060]\]. Our finding that p25/Cdk5 stimulates BACE1 activity supports that p25/Cdk5 may represent a promising target for the development of drugs to treat AD.
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